Introduction
============

The ability to manipulate quantum transport through single molecules is key to building functional molecular electronic devices. Towards this goal, various approaches have been explored in metal--molecule--metal junctions to exert control on molecular conductance, including optical illumination,[@cit1]--[@cit3] gating the electrochemical[@cit4]--[@cit7] or electrostatic[@cit8]--[@cit11] environment, and through reversible supramolecular interactions such as solvent effects,[@cit12]--[@cit16] complexation,[@cit17]--[@cit24] π-stacking interactions[@cit25]--[@cit31] and hydrogen-bonding.[@cit32]--[@cit34] Another way that has been proposed to chemically control the charge-transport properties of a molecular junction is by harnessing quantum interference phenomena with energy close to the electrode Fermi level *E*~F~. Drawing inspiration from the seminal work of Sautet and Joachim,[@cit35] destructive interferences have been introduced, for instance, by exploiting meta-connectivity in π-conjugated systems,[@cit36]--[@cit39] cross-conjugation,[@cit40]--[@cit42] or the unique σ-bonding properties of organosilanes,[@cit43] and these have been employed to lower molecular conductance for the fabrication of efficient molecular insulators. In addition to providing a way to control molecular conductance, the presence of such transport features also results in higher Seebeck coefficients (a measure of thermoelectric conversion) at room temperature,[@cit44] which is a highly sought-after and promising property of molecular nanodevices. The conductance decrease associated with destructive interferences, however, reduces the power factor and figure of merit of these devices, thereby limiting their suitability for functional devices. Constructive interference in quantum transport have been well known in the physics literature, since the classic paper of Breit and Wigner,[@cit45] and transmission resonances in 1-dimensional systems have been widely studied both in the presence of many scatterers[@cit46]--[@cit48] and in the case of a single scatterer.[@cit35] Conductance in multi-path structures was examined from a physical[@cit49],[@cit50] and chemical perspective.[@cit51] The latter suggested that when two conducting paths are connected in parallel within a molecule, the resulting conductance should be increased by a factor of four, rather than the factor of two observed in classical electrical networks. The prediction was later experimentally tested[@cit52],[@cit53] by measuring the conductance of analogous pairs of double-backbone and single-backbone molecular junctions, and their conductance ratio was found to lie between 3.3 and 1.6 (*i.e.* ratios were either higher or lower than the classical value of two, but did not reach the predicted ratio of four). Reliable experimental strategies for the introduction of constructive quantum interference features resulting in large conductance boosts are therefore lacking or inefficient. As a consequence, the development of robust methods to substantially increase conductance through *constructive* interference would provide valuable strategies for the design of molecular systems for efficient charge transport and thermoelectric conversion.

Among the supramolecular interactions mentioned earlier, charge-transfer (CT) complexation is of particular interest from the point of view of electronic devices. Several ground-breaking discoveries, such as the first organic material with metallic behaviour (TTF:TCNQ)[@cit54] and the first organic superconductor (Bechgaard salt, \[TMTSF\]~2~PF~6~)[@cit55] used CT complexes as bulk conductors, and complexation in nanoscale junctions has been used to gate molecular conductance.[@cit17] We further explored the application of CT complexes in single-molecule electronics and we report here a general approach to the introduction of *constructive* quantum interference that can be applied to conventional, fully conjugated, molecular wires. CT complexation introduces additional resonances in their transmission profile, and these resonances have a Fano line-shape (as opposed to the more common Breit--Wigner distribution) characterised by an antiresonance followed by a sharp positive contribution. As these features arise from a part-filled orbital, their energetic position is predicted by simple band theory to be always near to the Fermi level of the electrodes *E*~F~. The presence of a transport feature near *E*~F~ in the transmission profile is of the utmost importance for the development of both long-range tunnelling and highly efficient thermoelectric power conversion at room temperature, and the ability to reliably pin it at the desired energy level is also a very sought-after property in molecular wire design. We demonstrate empirically that the Fano resonance introduced by the formation of a charge-transfer complex of a molecular wire with ethenetetracarbonitrile (TCNE or "tetracyanoethylene") is reliably placed at energy values close to the Fermi level of the electrodes ("pinning"), which results in complexes having conductance almost independent of the nature of the molecular backbone and contacts to the electrodes. The pinning effect results in a greatly reduced attenuation coefficient *β* of the complexes across an oligomeric thienyl series, yielding efficient charge transport and large conductance values even through relatively long molecular wires.

Results and discussion
======================

We focussed our study on a series of oligothiophenes, terminated at each end with methyl thioether contacts. Oligothiophenes were chosen as electron-rich heteroaryl units, which are known to form 1 : 1 CT complexes with strong electron acceptors such as TCNE.[@cit56]--[@cit58] The compounds used in this study are presented in [Fig. 1a](#fig1){ref-type="fig"}, and details of the synthetic procedures can be found in the ESI.[†](#fn1){ref-type="fn"}

![(a) Structures and naming of the compounds used in this study. Representation of a molecular wire (b) and its TCNE complex (c).](c8sc04199g-f1){#fig1}

We started our investigation by assessing the physical properties of the charge transfer complexes of these oligothiophene-based molecular wires, in order to determine their suitability for single-molecule conductance studies. As shown in [Fig. 2](#fig2){ref-type="fig"}, UV-vis spectroscopy in CH~2~Cl~2~ shows that an absorption band in the 550--800 nm region, corresponding to the transition, arises upon complexation, confirming the formation of the charge-transfer complex.

![UV-vis spectra of the **T2--T4** series (a) and of their TCNE complexes (b) in CH~2~Cl~2~. A 1 : 100 ratio of molecule : TCNE was used to obtain (b). All the spectra are normalised, and the onset of the **T4** π → π\* band below 650 nm in (b) was removed for clarity. The CT bands are two orders of magnitude less intense than the π → π\* transition.](c8sc04199g-f2){#fig2}

Having established the fact that these thiomethyl-terminated oligothiophenes form CT complexes with TCNE, the scanning tunnelling microscopy-break junction (STM-BJ) technique[@cit59] was then used to fabricate and measure the electrical properties of molecular junctions. In brief, a Au STM tip was brought into contact with a Au(111) substrate, in the presence of either the sample molecule or its TCNE complex (prepared as described in the Methods section), as a pre-adsorbed sub-monolayer. The tip was then retracted while the tunnelling current was monitored. As the tip is crashed into the substrate, a fresh junction is formed, and on retraction this thins down to a single atom (point contact, characterised by its conductance *G*~0~ ≈ 77.48 μS), which is finally broken upon further withdrawal. When the point contact breaks, if a molecule (or molecules) binds to both Au contacts, then subsequent additional plateaux are seen in the current--distance plot at values much smaller than *G*~0~, corresponding to charge transport through the molecular bridge. Eventually, as retraction continues, the molecular junction breaks and the current abruptly falls to a very low value consistent with direct electrode tunnelling. Thousands of such traces are recorded for each set of experimental conditions, and the traces are compiled into conductance histograms. The plateaux result in peaks in the histogram at values below *G*~0~, which represent the distribution of conductance values of the molecular junction, and the same traces are used for further plateau length analysis. More details can be found in the Methods section and in the ESI,[†](#fn1){ref-type="fn"} and the conductance measurements are presented in [Fig. 3](#fig3){ref-type="fig"}.

![Length-dependent conductance measurements of methyl-thioether terminated oligothiophenes with 2 (**T2**), 3 (**T3**) and 4 (**T4**) thiophene units. Example conductance *vs.* electrode displacement traces (a) of the isolated molecules (blue shades -- from left to right: **T2**, **T3** and **T4**) and the corresponding complexes with TCNE (red shades -- from left to right: **T2**:TCNE, **T3**:TCNE and **T4**:TCNE). Conductance histograms of **T2**, **T3** and **T4** (b) and their TCNE complexes (d). Conductance *vs.* molecular length plot (c) for the isolated molecules (blue) and the respective complexes with TCNE (red) and conductance enhancement *vs.* molecular length plot (e). Error bars in (c) represent the standard deviation. Molecular length calculated at DFT level (see Methods).](c8sc04199g-f3){#fig3}

The non-complexed oligothiophene series showed, as expected, an exponential decay of the conductance with increasing molecular length, with an associated decay constant *β* = 5.0 nm^--1^, in reasonable agreement with earlier data reported on the same system (4 nm^--1^).[@cit60] The small differences in the absolute conductance values and in *β* can be attributed to the different media used for the STM-BJ measurements, which is air in this study and 1,2,4-trichlorobenzene in Capozzi *et al.* It has already been demonstrated that the junction behaviour can be greatly influenced by the solvent used during the measurements.[@cit12],[@cit14]--[@cit16],[@cit61] The conductance decay upon exposure to TCNE, on the other hand, showed a greatly reduced attenuation factor *β* of 1.7 nm^--1^, highlighting the almost length-independent conductance of the charge-transfer complexes, which lies relatively constant at approximately 10^--3^*G*~0~. This allows efficient charge transport even at large molecular lengths (10^--3^*G*~0~ conductance through a ∼2 nm molecular wire). Furthermore, the conductance boost upon complexation (as *G*~COMPLEX~/*G*~MOL~) follows an exponential increase as predicted. A summary of all conductance values can be found in [Table 1](#tab1){ref-type="table"}.

###### Summary of single-molecule conductance values of the compounds presented in this study and their charge-transfer complexes with TCNE. Theoretical values are presented in brackets

  Compound   Molecular conductance (*G*~0~)   TCNE complex conductance (*G*~0~)   Ratio: *G*~COMPLEX~/*G*~MOL~
  ---------- -------------------------------- ----------------------------------- ------------------------------
  **T2**     8 × 10^--4^ (3 × 10^--3^)        4 × 10^--3^ (8 × 10^--3^)           ∼5(2)
  **T3**     1.5 × 10^--4^ (4 × 10^--4^)      1.5 × 10^--3^ (2 × 10^--3^)         ∼10(5)
  **T4**     1.5 × 10^--5^ (3 × 10^--5^)      1 × 10^--3^ (1 × 10^--3^)           ∼67(33)

To rule out the possibility that the source of the high conductance feature consistently near ∼10^--3^*G*~0~ is from TCNE itself, conductance measurements on samples either with no molecule or solely with TCNE were therefore performed as a control. No significant feature was found in the conductance histograms within the range of 10^--5^ to 1 *G*~0~ (see ESI, Fig. S3[†](#fn1){ref-type="fn"}). In addition, plateau length analysis revealed that the molecule:TCNE junctions have break-off distances similar to those of the corresponding uncomplexed molecular wires (see ESI, Fig. S2[†](#fn1){ref-type="fn"}), further excluding the contribution of TCNE alone. We thus conclude that the conductance peak at ∼10^--3^*G*~0~ observed from all molecule:TCNE samples is mainly contributed by the formation of molecule:TCNE complexes due to CT complexation.

To understand the observed phenomena, the junction behaviour was then modelled with DFT, focussing on a dynamics study of the geometrical fluctuations of the molecular wire trapped in the junction and of its TCNE complex. The zero-bias transmission coefficient *T*(E) was obtained for 500 different configurations, sampling a range of structures of the CT complex in the junction, and the average finite-bias room-temperature conductance was then calculated (details in the Methods section and examples of structures and relative density of states plots in the ESI[†](#fn1){ref-type="fn"}). This approach was previously used[@cit17] to capture a realistic picture of the complexed molecular junction at room temperature, accounting for the fluctuations in the TCNE orientation and position with respect to the oligothiophene backbone. Spectroscopic and crystallographic data on CT complexes of oligothiophenes consistently report a 1 : 1 complex ratio,[@cit57],[@cit62],[@cit63] and this was used in our calculations. An additional Fano resonance[@cit64] has been previously observed in the DFT-calculated transmission curves for the TCNE complex of a bis(thialkyl)terthiophene[@cit17] which accounted for the conductance boost phenomenon, and similar resonances arise with TCNE complexation of the oligomeric series **T2--T4**. In the CT complexes, the donation of partial electron density to TCNE results in part-filled orbitals on the molecular backbone and TCNE itself, the latter acting as a scattering centre and generating the Fano resonance through quantum interference and accounting for the observed conductance change. The asymmetric line shape of Fano resonances[@cit36],[@cit64] occurs when a backbone orbital coupled to a continuum of states in the electrodes interacts with a pendant orbital, which in our case resides on the TCNE.

The sharp resonances in the individual transmission curves result in "bumps" in the thermally-averaged finite-bias calculated conductance, very near to *E*~F~ in energy ([Fig. 4](#fig4){ref-type="fig"}), which are responsible for the observed increase in conductance upon complexation. Calculations predict a *β* value for the "naked" molecular wires of 6.5 nm^--1^ at the DFT predicted Fermi energy, and the complexed series **T2--T4** give a value of 1.2 nm^--1^, both in reasonable agreement with the experimental findings. The theoretically predicted conductance enhancement ratios upon TCNE complexation are slightly lower than the experimental value due to the calculated values for the isolated molecule being slightly higher than the measured ones, but the results are consistent with the experimental trend. The key aspect of the interpretation of the experimental results is that DFT predicts the position of these additional interference features always close ("pinned") to *E*~F~. The reason behind this lies in the strength of TCNE as electron acceptor, which forces the position of the part-filled orbital responsible for the Fano resonance automatically to adjust in order to achieve the required filling. This phenomenon also accounts for the relative independence of the interference feature energy on the location and orientation of the TCNE relative to the molecular backbone, which results in the well-defined "bumps" observed in the calculated conductance *vs.* energy curves, obtained as average of 500 different *T*(E) curves. As the interference feature is reliably placed near *E*~F~, its contribution dominates charge transport and therefore the charge-transfer complex conductance is only a function of the room temperature fluctuations in the energy position of the zero-Kelvin Fano resonance (average room temperature *G*(E) curves in [Fig. 4a--c](#fig4){ref-type="fig"}). Furthermore, as can be observed in [Fig. 4d](#fig4){ref-type="fig"}, there is significant spin splitting in the transmission curve, and this is again due to the partly-filled nature of the orbital associated with the molecule → TCNE charge transfer, behaving similarly to an unpaired electron. Spin splitting results in the majority-spin contribution moving closer to *E*~F~ and the minority-spin contribution shifting away, and this phenomenon is responsible for the double bump in the calculated conductance curves ([Fig. 4a--c](#fig4){ref-type="fig"}). A similar behaviour was found in **T2** and **T3** (ESI, Fig. S5[†](#fn1){ref-type="fn"}). Therefore, the conductance at *E*~F~ is predicted to be different for the two spins, which could result in magnetoresistance effects.

![Room temperature calculated conductance for the isolated molecules (black line) and complexed with TCNE (blue) for compounds **T2** (a), **T3** (b) and **T4** (c), along with a representative spin-polarised *T*(E) curve for the TCNE complex of **T4** (d). Schematic diagram (e) showing the position of the DFT resonances for **T4** respective to the two electrodes before and after TCNE complexation. The part-filled CT resonances in the HOMO--LUMO gap are responsible for the observed increase in conductance.](c8sc04199g-f4){#fig4}

As the CT resonance pinned to electrode *E*~F~ dominates charge transport through these molecular wires, one can postulate that such effect would not be affected even when changing the molecule-electrode contacts of the junction. As further evidence for the proposed mechanism of pinning of the CT transport resonance, we fabricated and characterised two additional α-terthienyl compounds bearing thiol contacts. The same conductance measurements were carried out for these molecules. The results again showed conductance pinned at 10^--3^*G*~0~ when complexed with TCNE (see ESI, Fig. S1[†](#fn1){ref-type="fn"}) even though their uncomplexed state gave completely different conductance values (ranging from 10^--5^*G*~0~ to 10^--4^*G*~0~). These additional results further support the proposed mechanism, with the conductance of molecule:TCNE complex confirmed independent of the contacts to the electrodes. The overall experimental and computational results confirm that (I) the energetic position of the charge-transfer interference feature is pinned at the Fermi level of the metallic electrodes and (II) this interference pinning phenomenon greatly reduces the attenuation coefficient *β*, thus enabling efficient charge transport even through relatively long molecular wires.

Conclusions
===========

In summary, we have shown here that charge-transfer complexation of a series of oligothiophene molecular wires with TCNE leads to an up to ∼70-fold increase in molecular junction conductance. The resulting complexes have conductance values nearly independent of the nature of the molecular backbone and contacts to the electrode and show a greatly reduced attenuation coefficient *β* of 1.7 nm^--1^, enabling long-range efficient tunnelling. DFT calculations show that this phenomenon arises from constructive quantum interference features in the transmission profile (Fano resonances) pinned to the electrode Fermi level, which arise upon complexation. The conductance boost of more than one order of magnitude observed in the longer molecular wires, such as α-quaterthiophene, not only offers a straightforward way to greatly enhance electrical conductance, but also makes these compounds and the CT complexation phenomenon interesting for the development of sensors with single-molecule sensitivity. Furthermore, a sharp transmission feature near the electrode Fermi level is a long-anticipated feature for the development of molecular thermoelectric devices with high Seebeck coefficient and figure of merit. Overall, this approach charts a clear path for the fabrication of molecular devices with some of the most desirable features, such as high conductance and long-range transport, with a high predicted efficiency in energy conversion. This study further stresses the importance of interference features in the transmission profile and the unique properties of nanoscale junctions operating in the quantum realm, where even weak supramolecular interactions can have a dramatic effect on junction behaviour.

Methods
=======

Synthesis
---------

**T3** was prepared from 2,2′:5′,2′′-terthiophene by treatment with two equivalents of *n*-butyllithium, followed by quench with dimethyl disulfide. **T2** was prepared from 2,2′-bithiophene by treatment with two equivalents of *n*-butyllithium, followed by quench with S~8~/MeI. **T4** was prepared by Stille coupling of 5,5′-dibromo-2,2′-bithiophene and trimethyl(5-(methylthio)thiophen-2-yl)stannane. Synthetic procedures and NMR/HRMS/CNH data are provided in the ESI.[†](#fn1){ref-type="fn"}

Characterisation
----------------

UV/vis spectra were recorded in CH~2~Cl~2~ on a double beam PerkinElmer λ25 spectrometer, using a 1 cm quartz cell at room temperature.

Conductance measurements
------------------------

The conductance of molecular junctions were determined using the STM break junction (STM-BJ) method.[@cit59] Au substrates were prepared by evaporating ∼100 nm of gold onto freshly cleaved mica sheets using a thermal evaporator under a vacuum of 10^--7^ Torr. The gold beads for Au substrate deposition was purchased from Kurt J. Lesker Company (99.999%), and mica sheets were purchased from Ted Pella, Inc. Freshly annealed Au surfaces were incubated in solutions of the desired molecular wire (10^--3^ M, CH~2~Cl~2~ : Ethanol 1 : 1) for 30 minutes to allow adsorption of a sub-monolayer of the molecular wires, and then rinsed with ethanol and dried with high purity nitrogen gas. To form the TCNE complexes, a TCNE solution (10^--2^ M in CH~2~Cl~2~) was dropped onto the prepared sub-monolayer of sample molecules and incubated for 1 h. Samples were then copiously rinsed with ethanol and dried with high purity nitrogen gas. Conductance measurements were carried out in air at room temperature (∼20 °C), with a bias of 100 mV applied to the substrate (tip grounded). Conductance data was collected by driving a freshly cut Au tip into a freshly annealed Au substrate (35 nm s^--1^) and then withdrawing it at constant speed (20 nm s^--1^). As the tip was pushed into the surface and then retracted, a fresh Au--Au junction was formed, thinned down to a single atom (point contact), and finally broken upon further retraction. After the rupture of the junction, a molecule can bridge the tip-substrate gap. The tip was engaged towards the Au substrate until the tip-substrate current was 25 μA, and then crashed into the substrate a further 0.5 nm to ensure good physical contact between the tip and substrate before being withdrawn. This setting guaranteed that a clear *G*~0~ point contact plateau is present in each trace. The current (*I*) was recorded at a fixed tip-substrate bias (*V*) and conductance *G* is determined by Ohm\'s law (*G* = *I*/*V*). The process was repeated thousands of times and the resulting current *vs.* distance traces were used for the construction of conductance histograms.

Theoretical conductance calculations
------------------------------------

The optimised geometry of each molecule and TCNE was calculated using the density functional code SIESTA.[@cit65] A double-ζ basis set was used along with norm-conserving pseudopotentials. The energy cut-off to determine the fineness of the real space grid was 150 Rydbergs and the exchange correlation was described by GGA.[@cit66] The molecules were then relaxed until all forces were less than 0.01 eV Å^--1^. The binding of the molecules to gold electrodes was then calculated by a further geometry optimisation. A gold electrode consisting of a pyramid of 4 gold atoms attached to 8 layers of Au(111) each containing 9 atoms was constructed and the molecule attached through the anchor group, in the case of the thioacetate-protected molecules the acetyl group attached to the sulfur was removed. The resulting binding geometries show the binding distances between the terminal Au atom and the S atom of the anchor group to be 2.5 Å (**T2--T4**) and the Au--S--C angles to be 120° (**T2--T4**). To model the addition of TCNE molecules to the junction we calculate the binding energy due to the formation of a charge transfer complex in each of the three molecules. Firstly, the optimum binding location is found by moving the TCNE across the backbone and locating the binding energy minimum. This geometry was then used to perform a geometry relaxation to give the optimised geometry of the complex. The shape and position of the Fano resonance is dependent on the binding geometry between the TCNE and molecule so, to account for geometry fluctuations following the previous theoretical model,[@cit17] 500 geometries of the TCNE molecule are taken in the vicinity of the optimum position. The junction geometries are then utilised in the DFT code SIESTA to generate a Hamiltonian. The extended molecule in each case is constructed with the gold electrodes incorporating 8 layers of Au(111) with each layer containing 9 atoms, and the quantum transport code GOLLUM[@cit67] was then used to calculate the spin-polarised zero-bias transmission coefficient which is related to the electrical conductance through the Landauer formalism. We then calculate the conductance at room temperature by evaluating:![](c8sc04199g-t1.jpg){#ugt1}where *f* is the Fermi distribution. For the complexed molecules an average is taken over all calculated geometries.

Data availability
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Proton and ^13^C NMR spectra in Bruker data format for the compounds used in this study are deposited in the University of Liverpool data catalogue (collection \#464) at the address ; <http://datacat.liverpool.ac.uk/464/> and at DOI: ; [10.17638/datacat.liverpool.ac.uk/464](10.17638/datacat.liverpool.ac.uk/464).

Single-molecule conductance and DFT data is available from the authors upon request.
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